1. Introduction {#sec0001}
===============

Preterm birth significantly impacts public health. Children born extremely preterm (EPT, \<28 weeks gestation) use more healthcare and educational resources compared to term controls (TC) ([@bib0034]). The preterm birth rate is rising, affecting approximately 10% of births in the US ([@bib0049]). Increasingly, the smallest and sickest babies -- those considered "periviable" -- are being resuscitated and surviving ([@bib0089]). Advances in clinical practice bring new challenges: children born EPT are at significant risk of cognitive dysfunction, and neurodevelopmental impairments of these children have important public health implications in terms of resource utilization and educational and professional attainments in society ([@bib0001]; [@bib0009]; [@bib0029]; [@bib0043]; [@bib0051]; [@bib0070]).

Despite this, a recent report indicates up to 65% of children born as early as 23 weeks gestation perform within their expected grade level and some are even considered gifted ([@bib0025]). A better understanding of neurodevelopment in EPT children may impact counseling provided to parents in the periviable period and the quality of life of such children and their families. Identification of biomarkers of risk and resiliency in EPT children is paramount.

Children born EPT are vulnerable to impairments in language, a key component of cognition ([@bib0007]; [@bib0071]; [@bib0073]). Conventional assessments, including structural neuroimaging at term and early language testing, leave a large proportion of the variance in later functioning unexplained ([@bib0045]; [@bib0082]). Thus, studying EPT children beyond infancy through school age is paramount to capture a key period of early language development. To optimize language outcomes, we must further elucidate risk factors for impairment and the brain-based mechanisms underlying the insults of prematurity. Imaging studies of well-performing EPT children are relatively scarce, with the majority being conducted in clinically-heterogeneous samples of preterm infants or adolescents and young adults ([@bib0002]; [@bib0003]; [@bib0039]; [@bib0054]; [@bib0057]). Most studies on children 4 years or above focus on gross brain morphology, finding smaller brain volumes in EPT versus controls, which correlates with lower IQ, poorer language performance, and executive functioning deficits ([@bib0010]; [@bib0016]; [@bib0032]; [@bib0044]; [@bib0055]). In addition to overall brain volume being smaller in EPT children, some structures appear to be specifically impacted, including the corpus callosum, hippocampus, and cerebellum ([@bib0013]; [@bib0016]).

Previously, we studied functional networks subserving language in this same sample of 4- to 6-year old children born EPT versus TC using fMRI-constrained magnetoencephalography (MEG) ([@bib0006]). Language activation maps from the non-invasive gold-standard fMRI did not differ between groups during a stories-listening task. However, MEG revealed significant connectivity differences between groups, with the EPT group showing significantly increased functional connectivity (MEG) between left and right perisylvian cortex despite a typical looking spatial representation in fMRI. Effective connectivity analyses revealed relatively increased right-to-left perisylvian connections in EPT during stories-listening. These findings motivated the current study investigating the white matter substrate for increased connectivity within the language networks of children born extremely preterm.

A handful of prior studies in older preterm children and young adults found similar bitemporal functional hyperconnectivity using fMRI which is similar to our previous report, but they could not conclude if this hyperconnectivity represented an alternate developmental trajectory or simply a delay in the typical left lateralization of language ([@bib0026]; [@bib0052]; [@bib0066]). Through the use of MEG, we were able to use the increased temporal resolution to look at the directed flux of information (effective connectivity). This effective connectivity analyses revealed significantly increased right-to-left information flux in EPT. We concluded it is not the precise cortical "real estate," but instead the connectivity within the language network that is most impacted by prematurity. This conclusion is supported by a fMRI based study of preterm 12-year-old children showing similar patterns of representation, but atypical functional connectivity for the preterm group between canonical language areas such as the left middle temporal gyrus and extracanonical areas such as sensory motor regions ([@bib0064]). In the current study, we investigate alterations in white matter that might support these atypical language network dynamics in children born EPT.

Structural connectivity studies in preterm children and adults are conflicting, but the majority show decreased connectivity overall. Early exposure to the extra-uterine environment is hypothesized to damage oligodendrocytes before myelin forms, causing white matter injury that may be revealed by diffusion tensor imaging (DTI) ([@bib0075]a). Higher fractional anisotropy (FA) is thought to represent increased white matter integrity as a function of more intact axonal structure constraining water diffusion. Some report lower FA in children born preterm ([@bib0019]; [@bib0052]; [@bib0067]), but others report no significant difference ([@bib0014]; [@bib0020], [@bib0021]; [@bib0042]). Still others report complex relationships for white matter development in prematurity, with preterm children exhibiting decreased FA in some tracts (uncinate fasciculus, forceps major) and increased FA in others (inferior fronto-occipital fasciculus) ([@bib0017]). In Feldman et al.'s study utilizing tract-based spatial statistics (TBSS) of DTI data in 23 very preterm children and adolescents and 19 term controls, increased FA of the white matter skeleton in dorsal and ventral tracts in the right hemisphere were positively correlated to improved performance in language for preterm adolescents and adults, but not term controls ([@bib0021]). Increased FA in specific tracts correlated with scores in specific language domains (i.e. the right anterior thalamic radiation correlated with processing speed, the left and right forceps minor contributed to receptive vocabulary, and the right inferior fronto-occipital fasciculus correlated with verbal intelligence). In contrast, for TC, left lateralization of white matter tracts is positively correlated with language skills ([@bib0020]; [@bib0041]). The developmental trajectory of white matter in infancy and early childhood is nonlinear, and slower rates of change have been associated with cognitive and language impairment in preterm children ([@bib0088]). The corpus callosum is the largest commissural bundle of white matter connecting the left and right hemispheres, and is a structure known to be of decreased volume in preterm children ([@bib0048]; [@bib0054]). FA has been reported to be decreased in the corpus callosum in children born preterm as well ([@bib0042]; [@bib0048]), and fiber pathways traveling through the corpus callosum have been reported as having decreased FA in language studies of children born preterm ([@bib0017]; [@bib0054]).

As a whole, the studies detailed above suggest aberrant developmental trajectory for white matter in the premature brain into young adulthood. Inconsistent results could reflect the heterogeneity of clinical populations, which included varying ranges of gestational ages and chronological ages. Some studies included children with known neurological deficit or brain injury, such as intraventricular hemorrhage (IVH) or periventricular leukomalacia (PVL). These inconsistencies could also result from variability in the years the children were born, as neonatology is a rapidly evolving field and improvements in care have contributed to a reduction in certain patterns of brain injury, such as cystic white matter lesions ([@bib0075]a). Differences in diffusion imaging analysis could reflect yet another source of variability in reports. Studies have largely relied on DTI. However, DTI estimates are inaccurate in areas of the brain with crossing fibers, present in up to 90% of white matter voxels ([@bib0033]). More sophisticated analytical methods have been developed to characterize and quantify white matter in the brain that are well-suited to querying structural connectivity of networks in the preterm brain. These novel methods may help resolve discrepancies in the literature.

Motivated by the literature reviewed above, and our previously-reported functional connectivity findings in this same sample of children, the following research question and hypothesis were generated and guided our experiment. The objective of this current study is to identify the structural correlates of the previously-observed altered functional and effective connectivity in the language networks of children born EPT in order to answer our research question: How can extremely preterm children exhibit increased interhemispheric effective and functional connectivity but decreased structural connectivity? Our specific hypothesis is that extracallosal pathways are needed in EPT children to compensate for white matter injury of prematurity that is known to impact the corpus callosum and periventricular white matter preferentially and that this extracallosal structural connectivity could underlie the interhemispheric functional hyperconnectivity we and others have reported. In order to test this hypothesis, we employ a unique study design involving an a-theoretical approach that does not constrain analyses to classical regions and pathways associated with language in typically developing full-term adolescents and adults. Limiting the analysis to white matter pathways derived from adult language experiments would prevent us from capturing extracallosal pathways which we hypothesize would be adaptive for EPT children and might hinder our ability to address the apparent discrepancy in the literature of preterm language. Our study is unique in its exclusion of known brain injury or neurological disorder, including language impairment, enabling us to attribute group differences to relatively "pure" effects of prematurity. We measure connectivity in white matter pathways (at the whole-brain level and with a focus on regions derived from our fMRI and MEG study in this same population as outlined above) in the EPT brain using Generalized Q-Sampling Imaging (GQI), capable of resolving incoherent fiber orientations (crossing fibers) from conventional diffusion MRI data. Ultimately, we aim to identify biomarkers of resiliency in these children that can be directly related to observable performance and developmental outcomes.

2. Materials and methods {#sec0002}
========================

2.1. Experimental design {#sec0003}
------------------------

### 2.1.1. Participants {#sec0004}

A total of 30 children, aged four to less than seven years, participated in this observational study in 2015--2016. Language network functional connectivity in these children, indexed by MEG, has been previously reported ([@bib0006]). Participants included children born \< 28 weeks gestation and followed for a minimum of 2 years at our center (EPT group, *n* = 15) and typically developing term controls recruited from the community who were born at or beyond 37 weeks of gestation (TC, *n* = 15). Informed consent was obtained in accordance with the Declaration of Helsinki and the study was approved by our IRB. Inclusion criteria for the EPT group included gestational age \< 28 weeks and birth weight less than 1500 g. Exclusion criteria included a history of speech or language disorder, known brain injury such as severe interventricular hemorrhage (IVH) or periventricular leukomalacia (PVL), neurological disorder such as cerebral palsy (CP), seizures, migraines, or autism, or contraindication to MRI or MEG scanning. While excluding children with known brain injury or neurological impairment might limit the generalizability of our findings, it does enable us to investigate a 'pure' effect of prematurity in a more homogeneous sample and limit the impact of potential confounding variables such as hemorrhage or clinically significant white matter injury. Demographic data were obtained via parental report to address potential bias/confounders. Brief neuropsychological assessment was carried out prior to MEG and MRI scanning. All testing was completed in a single visit. One EPT participant was excluded due to a quality control failure (criteria outlined below). One EPT participant and five TC participants were excluded due to missing diffusion MRI data (secondary to scheduling constraints or a request to stop scanning after the MEG and fMRI acquisition).

### 2.1.2. Neuropsychological assessment {#sec0005}

Children underwent assessment with the Peabody Picture Vocabulary Test (PPVT4; [@bib0018]), Expressive Vocabulary Test (EVT2; [@bib0079]), and Wechsler Nonverbal Scale of Ability (WNV; [@bib0077]). The EVT2 and PPVT4 were used to assess expressive and receptive vocabulary, respectively. Although there are other measures of expressive and receptive language function, these measures can be considered a good assay for gross language skills, and were chosen for their short administration time, validity across all ages (starting at 2.5 years), and their high concordance with verbal intelligence (VIQ), especially in children ([@bib0040]; [@bib0069]). The EVT2 and PPVT4 are co-normed, and highly-reliable; the composite score based on the arithmetic mean of these two measures provides a coarse but robust assay of gross language ability that is not time- or labor-intensive for young children and that can be used longitudinally along the lifespan. The PPVT, in particular, has been widely utilized in several large studies of outcomes in preterm children, including the TIPP trial of indomethacin in prematurity ([@bib0046]; [@bib0050]; [@bib0052]; [@bib0053]).

### 2.1.3. Structural MRI acquisition {#sec0006}

A T1-weighted structural image was obtained for each subject on a 3.0T Phillips Achieva scanner with a T1 turbo field echo (TFE) sequence (TR/TE = 8.055/3.68 ms, 1 × 1 × 1 mm voxels, 160 slices, Matrix = 256 × 256 × 160). The structural image was used to create an "imitation" T2-weighted image and the original volume was registered to the subject\'s diffusion data during preprocessing. Matching the contrast of the b0 image by creating an imitation T2 improved the accuracy of the registration and distortion correction of the diffusion data. No quantitative analyses were performed with the imitation volume. All structural preprocessing was performed in AFNI ([@bib0015]).

### 2.1.4. fMRI activation map {#sec0007}

To investigate white matter changes supporting receptive language, we identified cortex preferentially 'active' for stories listening in EPT and TC groups. The activation map was obtained from the stories versus noise listening contrast in fMRI as we reported previously ([@bib0006]). The task and conventional GLM analyses have been used extensively ([@bib0027], [@bib0028]; [@bib0065]). We previously showed that the groups engage the same cortical network during stories listening, thus, a joint activation map was used for subsequent functionally-constrained diffusion connectometry analyses ([Figs. 3](#fig0003){ref-type="fig"}, [4](#fig0004){ref-type="fig"}, [5](#fig0005){ref-type="fig"}, [7](#fig0007){ref-type="fig"}). The joint activation map was used as a region-of-interest so only tracks containing voxels within these regions were resolved

### 2.1.5. Diffusion acquisition and preprocessing {#sec0008}

Diffusion data were acquired on the same scanner with a DWI-SE sequence (*b* = 800 s/mm^2^, 32 directions distributed over the full-sphere, 1 b0, TR/TE = 8955/77 ms, 1.875 × 1.875 × 2.37 mm voxels, 55 slices, Matrix = 96 × 96 × 55). The diffusion acquisition takes approximately 5.5 min and occurs approximately 40 min from the beginning of the MRI scanning session. Movement during scanning was minimized by implementation of several child friendly strategies, including a video available before scanning for children to see the MRI scanner and hear scanner noises via an audio file; a detailed explanation of the process prior to scanning that included analogies that have previously been successful (e.g. be like a statue); a selection of age-appropriate videos or shows available for viewing during the diffusion acquisition; close monitoring; and frequent positive reinforcement though praise, sticker charts, and prizes.

Diffusion preprocessing was performed with TORTOISE ([@bib0058]). First, denoising of the diffusion volumes was performed using random matrix theory ([@bib0072]). Then, Gibbs ringing artifact was removed by sub-voxel shift ([@bib0038]). Motion and eddy current correction were then applied using a quadratic eddy current correction with very rigid search space from the b0 volume to the structural image (imitation T2 image). The imitation T2 is used for preprocessing because it more closely matches that contrast of the b0 image, allowing for better registration. However, the imitation volume is not used for any quantification. The b0 image was then nonlinearly aligned to the structural image using the ANTs Symmetric diffeomorphic mapping (ANTSSyN algorithm; [@bib0005]). During this alignment, geometric distortions in the b0 volume were corrected by non-uniform B-spline grid interpolation ([@bib0031]). This technique treats the structural image as the "ground truth" for the non-distorted anatomy of the participant, allowing estimation of the geometric distortion in the diffusion acquisition. This transform is then applied to all volumes in the diffusion dataset, resulting in an aligned, denoised dataset that has been corrected for motion, eddy currents, and geometric distortions. At all steps in the pipeline in which the dataset is transformed, the diffusion vectors are rotated accordingly.

Data were then imported and reformatted to be used in diffusion signal reconstruction, tractography, and statistical analyses within DSI Studio (<http://dsi-studio.labsolver.org>). Before signal reconstruction, all datasets underwent quality control, in which the correlation between neighboring diffusion volumes was calculated to assess any corrupted volumes. All volumes with a correlation *r* \< 0.9 were removed. This is a very conservative threshold for data inclusion, but we felt that it was necessary since our dataset contained so few diffusion directions, meaning that corrupted data could have a large impact on the final results. Participants were excluded from the analysis if more than 10% of volumes were removed from the dataset. The most likely reason for removal of participants at this point in the analysis was intraslice motion, in which the participant has significant movement between diffusion gradient pulses. This causes signal dropout that cannot be recovered by preprocessing. By using motion correction and this conservative threshold for volume removal, all datasets included in the final analysis for both the EPT and TC groups should be comparable in terms of image quality and motion during the scan.

Diffusion data were reconstructed using Q-Space Diffeomorphic Reconstruction ([@bib0085]) to obtain spin distribution functions (SDFs) for each participant. In QSDR, first the participant\'s diffusion data is reconstructed using generalized Q-sampling imaging (GQI; ([@bib0087]). GQI is a direct approximation of the SDF from the diffusion signal by taking advantage of the Fourier transform relationship between the MR signal and diffusion displacement. Quantitative anisotropy (QA) is derived from these SDFs, which is a quantitative measure of diffusion that incorporates both diffusivity (like FA and generalized FA), but is also weighted by the density of the diffusing spins. Studies have shown that this measure improves the reliability of deterministic tractography compared to diffusivity-specific measures, such as FA or generalized FA ([@bib0086]). GQI was chosen due to its sensitivity to crossing fibers and its flexibility. GQI can be applied to any sequence in which the diffusion scheme is balanced, i.e. the isotropic voxels in the data are reconstructed as an isotropic SDF ([@bib0087]). This is checked during reconstruction, which indicated our sampling scheme is balanced. Previous studies with similar data quality have successfully employed this methodology ([@bib0037]).

The resulting QA map is then diffeomorphically aligned to a template in MNI space, created by averaging 1021 QA maps calculated from Human Connectome Project data (HCP-1021 template). After alignment, the inverse Jacobian from this warp is then applied to the subject space SDF, while adjusting for scaling differences between the subject and the template and conserving the amount of diffusion spins in the original data ([@bib0085]). One limitation of this method is that it assumes that the subject and template have a one-to-one structure correspondence to allow computation of the inverse Jacobian. While the subjects in this study are younger than those used to construct the template, no subject was included with known brain injury so alignment should still be reasonable with the template. Default settings were used for QSDR except for the number of fibers resolved, which was set at 3 due to the low directionality of the data. DSI Studio was used for the reconstruction.

2.2. Statistical analyses {#sec0009}
-------------------------

### 2.2.1. Demographic and behavioral variables {#sec0010}

Between group comparisons of continuous variables (age, performance on assessments) were performed using independent samples t-tests. Categorical variables (sex, race, ethnicity, maternal education) were compared between groups using Fisher\'s exact test.

### 2.2.2. Group connectometry {#sec0011}

Diffusion connectometry analyses ([@bib0083]) were used to study the relationship of white matter connectivity with prematurity and language. First, a study-specific template was created by averaging the SDFs that resulted from the QSDR reconstruction (already in MNI space) for 10 TC and 10 randomly selected EPT participants. Each subject\'s SDFs are then further aligned to the study-specific template using a similar method to QSDR (diffeomorphic mapping, conservation of spin density). A spatial correlation coefficient was calculated between the subject and template quantitative anisotropy (QA) map, which is derived from the SDF, to assess the quality of the registration ([@bib0083]). Using the SDFs, the local connectome (i.e. the connectivity between adjacent voxels within a white matter bundle based on the density of spins) for each subject is resolved by sampling their SDFs by the local fiber directions in the study-specific template. The standard space template (HCP-1021) was registered to the study-specific template using diffeomorphic mapping to allow consistent identification of anatomical structures.

Each subject\'s local connectome matrix is shaped into a single row vector and combined into a matrix where the rows are each subject and the columns are SDF values for a local fiber direction. SDF values are then associated with a study variable of interest using a regression model, resulting in a one row vector of beta values for each local fiber direction. Bootstrap resampling with 5000 iterations was used to obtain the empirical distribution of betas. Additionally, 2000 iterations among the row vectors was used to obtain the null distribution of betas. For each of these conditions, only betas that passed 0.6\*Otsu\'s threshold were passed on to subsequent analyses ([@bib0056]).

After this initial thresholding, an additional t-score threshold can be used to inform fiber tracking. Importantly, statistical significance is not derived from this t-score threshold (from the multiple regression), but from the permutation testing on track length (discussed in the next section). This allows one to adjust the trade-off between specificity and sensitivity by choosing an appropriate t-score threshold for a particular dataset. For our analyses, we chose a t-score threshold of 3.5. This means that we ignored weak to moderate correlations from the regression analysis when calculating the final statistics. Importantly, this threshold is only used to inform tracking and should not be considered in context of statistical significance. These t-scores used for the threshold are not corrected for multiple comparisons, which is accomplished by permutation testing after SDFs are passed to connectometry analyses. While many thresholds were tested, this threshold provided a good balance between specificity and sensitivity.

Local directions that passed this threshold were mapped using deterministic fiber tracking, which has been shown to be less sensitive to false positives than probabilistic tracking ([@bib0047]). A minimum track length of 30 mm and one iteration of track trimming were used to remove tracks most likely to be false positives. The technique used for trimming was topology-informed pruning ([@bib0084]), which prunes tracts that have an unrealistic topology. A seed density of 20 seeds per mm3 was used because it was identified as an appropriate middle ground for both whole brain and constrained connectometry. A smaller density may lead to results that are too sparse for the constrained analysis while a larger one could lead to an overabundance of less significant results.

Statistical significance--corrected for multiple comparisons using the false discovery rate (FDR)--was calculated by comparing the track length of associations between null local connectomes and the study variable with those from the empirical data. The underlying assumption is that track length along significant associations with the study variable in the non-permuted condition is longer than that of the permuted condition. It is possible for significant tracks to be resolved--especially if they are very short--that are false positives. This necessitates the use of the minimum track length threshold noted previously. As opposed to choosing the FDR threshold, we chose a length threshold (30 mm) for which the FDR was calculated. Results were reported if they passed FDR*q* \< 0.05.

Connectometry was performed as a whole-brain analysis and within a previously identified receptive language network, which was originally in MNI space and registered to the study template using the same transform that was used to register the standard space template to the study-specific template. For a detailed account of the receptive language network identified in these same participants using task-based fMRI and comprised of superior and middle temporal areas, please see our prior report ([@bib0006]). These areas were utilized as regions of interest (ROIs) for the constrained analysis. The local connectomes generated using these ROIs (and subsequently refined in further analysis, including controlling for multiple comparisons) are detailed in Supplementary Fig. 1. After connectometry and tract identification, all tracts were visually inspected to ensure that they were not labeled as multiple pathways and to ensure that the label was reasonable. All diffusion analyses were performed using DSI Studio (<http://dsi-studio.labsolver.org>).

### 2.2.3. Connectometry analyses {#sec0012}

Four regression analyses were performed using whole brain and functionally-constrained connectometry. First, group was included in the analysis to observe effects related to prematurity. Second, group and composite language performance were included to observe effects of prematurity while controlling for language ability. Finally, an analysis looking at relationship between white matter and performance was performed within groups: EPT and TC. Language performance for our purposes refers to the composite index derived from the PPVT4 and EVT2 scores. The dependent variable in all models was local connectome connectivity, which measures the density (strength) of diffusing spins in a given direction within a voxel ([@bib0083]). Total white matter volume, determined by structural analysis of the T1 image in FreeSurfer (<http://surfer.nmr.mgh.harvard.edu/>) did not significantly differ between groups and was not significantly related to performance in either group, justifying its exclusion in statistical modeling (*p* \> 0.05). Collinearity diagnostics were performed to ensure the model could tolerate inclusion of group and performance as unique predictors (VIF \< 5).

3. Results {#sec0013}
==========

3.1. Demographics and neurobehavioral assessments {#sec0014}
-------------------------------------------------

One EPT participant was found to be an outlier on analysis of spin distribution functions (SDFs) and was excluded from final analyses. A total of 12 EPT and 10 controls contributed data to the current analyses. There were no significant differences between groups for age, sex, race, or ethnicity. Mean gestational age for the EPT group was 25 weeks 5 days, ranging from 24 weeks 0 days to 26 weeks 6 days. There were four females in the EPT group and five in the TC group. Mean age was 5.3 years in the EPT group and 5.5 years in the TC group. There were eight children in the EPT group whose parent identified as White/Caucasian and seven in the TC group. Demographic data for the sample are available in [Table 1](#tbl0001){ref-type="table"}. There were no significant differences in maternal income or education level.Table. 1Demographics and neuropsychological data for entire sample.Table 1Preterm (*n* = 12)Term (*n* = 10)p ValueAge (Years, Mean ± SD)5.4 ± 0.795.5 ± 1.060.705SexFemales450.42Males85RaceWhite/Caucasian870.2Black/African American30Other/Multiple11No Response02Hispanic/Latino/Latina010.078Not Hispanic/Latino/Latina127No Response02Receptive languagePPVT-4 (Mean ± SD)115 ± 11138 ± 9\<0.001Expressive languageEVT-2 (Mean ± SD)101 ± 11120 ± 12\<0.001General abilitiesWNV (Mean ± SD)106 ± 15120 ± 110.01[^2]

Analysis of standardized scores on neurobehavioral assessments showed significant group differences (see [Table 1](#tbl0001){ref-type="table"}). The control group performed better (indicated by higher standardized scores) than the EPT group on all assessments. The mean and standard deviation on the PPVT4 was 115 ± 11 for the EPT group and 138 ± 9 for the TC group (*p* \< 0.001). For the EVT2, the mean scores for the EPT group (101 ± 11) were lower than those of the TC group (120 ± 12, *p* \< 0.001). Similarly, for the WNV, the EPT group mean was (106 ± 15) and the TC group mean was (120 ± 11, *p* = 0.01). Although the control group performed at a higher level than the EPT group, it is notable that the EPT participants were not impaired, as scores for all three assessments were in the normal range (mean = 100 ± 15).

Because of the small sample size, we performed multiple statistical tests to ensure the validity of the correlation analyses. Normality of language scores was evaluated by Q-Q plot (Supplementary Fig. 2) and formally assessed using the Shapiro--Wilk test (*W* = 0.921, *p* = 0.255). To ensure there were no outliers, we used both a boxplot (Supplementary Fig. 3) and a Dixon\'s Q test for both high (*Q* = 0.10, *p* = 0.193) and low values (*Q* = 0.065, *p* = 0.08). We also performed a Student\'s *T*-test to assess the association between sex and performance (*t*(11) = −0.074, *p* = 0.447) and a correlation to assess the association between performance and gestational age (*r* = 0.069, *p* = 0.82). We failed to reject the null in all cases, indicating the correlation analysis is appropriate.

3.2. Structural connectivity analyses {#sec0015}
-------------------------------------

### 3.2.1. Whole-Brain group comparison {#sec0016}

Whole-brain analyses showed significantly decreased structural connectivity in distributed tracks, notably in regions of the corpus callosum, for EPT children versus TC ([Fig. 1](#fig0001){ref-type="fig"}). On whole-brain analysis, there was significantly increased structural connectivity for the EPT group compared to controls in bilateral cerebellar tracks ([Fig. 2](#fig0002){ref-type="fig"}).Fig. 1*Whole-Brain Between-Groups Comparison, Control \> Preterm.* Tracks in which connectivity was significantly greater for TC children compared to EPT children. Notable tracks include those through the corpus callosum. All connectometry analyses result in subcomponents of pathways that are significantly associated with the study variable, but are not necessarily entire fascicles. Results are color coded for the local directionality of the tracts and colors change along the track as it changes directionality along the path (red = left/right, green = anterior/posterior, blue = inferior/superior). The background image for all figures is a surface rendering of a standard space T1 image from the study specific template warped from MNI space. Results are viewed in a transparent surface rendering, showing tracks from three points of view: left sagittal, front coronal, right sagittal. These views aid visualization because they show the relative depth of the tracks resolved and ensure no tracks are occluded by tracks from the contralateral hemisphere. The length threshold used to determine FDRq \< 0.05 was 30 mm.Fig. 1Fig. 2*Whole-Brain Between-Groups Comparison, Preterm \> Control.* Tracks in which connectivity was significantly greater for EPT than TC. Results include white matter within both hemispheres of the cerebellum. The length threshold used to determine FDRq \< 0.05 was 30 mm.Fig. 2

### 3.2.2. Receptive language network group comparison {#sec0017}

Within the language network, distributed areas of relative hypoconnectivity for the EPT group, including the corpus callosum, persisted ([Fig. 3](#fig0003){ref-type="fig"}) However, the EPT group exhibited increased structural connectivity compared to the TC group which may utilize an indirect (extracallosal) pathway (FDRq \< 0.05). These local connectomes included bilateral corticospinal pathways, bilateral external capsules, left corticothalamic pathways, left corticopontine pathways, and bilateral middle cerebellar peduncles ([Fig. 4](#fig0004){ref-type="fig"}). We do hypothesize that this would be a polysynaptic pathway (i.e. right cerebellar white matter to middle cerebellar peduncle to the pons and subsequently the corticospinal pathways). While tracts resulting from this model seem to overlap, they are indeed distinct and seem to suggest different utilization of common pathways. For example, these results suggest EPT may be more reliant on pathways that involve cerebellar tracts and right lateralized tracts (Supplementary Fig 6).Fig. 3*Receptive Language Network Group Comparison, Control \> Preterm.* Receptive language network connectometry analysis showing the relationship between group (TC vs. EPT) and white matter connectivity. Results show tracks where TC \> EPT, which are widely distributed (FDRq \< 0.05). The length threshold used to determine FDRq \< 0.05 was 30 mm.Fig. 3Fig. 4*Receptive Language Network Group Comparison, Preterm \> Control.* Receptive language network connectometry analysis showing the relationship between group (TC vs. EPT) and white matter connectivity. Results show tracks where EPT \> TC, including bilateral corticospinal pathways, bilateral external capsules, left corticothalamic pathways, left corticopontine pathways, and bilateral middle cerebellar peduncles. Tract directionality is inferred from known anatomy of the significant tracts resolved. The length threshold used to determine FDRq \< 0.05 was 30 mm.Fig. 4

### 3.2.3. Receptive language network group comparison while controlling group differences in performance {#sec0018}

After controlling for group differences in language performance, children born EPT still exhibited increased structural connectivity, with local connectomes including bilateral corticospinal pathways, bilateral external capsules, left corticothalamic pathways, and bilateral middle cerebellar peduncles. Additionally, this included findings within the right cerebellar white matter and the left corticopontine pathway ([Fig. 5](#fig0005){ref-type="fig"}). Again, the proposed extracallosal pathway would involve the right corticospinal pathway, the white matter in the right cerebellar hemisphere, the middle cerebellar peduncle, and the left corticopontine and corticospinal pathways. There were no tracks in which EPT children had decreased connectivity relative to the TC group after controlling for group differences in performance.Fig. 5*Receptive Language Network Group Comparison while Controlling Group Differences in Performance.* Receptive language network connectometry analysis showing the relationship between group (TC vs. EPT) and white matter connectivity while controlling for differences in language performance between groups (FDRq \< 0.05). Results show tracks where EPT \> TC including bilateral corticospinal pathways, bilateral external capsules, left corticothalamic pathway, bilateral middle cerebellar peduncles, and cerebellar white matter within the right hemisphere. There were no tracks where TC \> EPT (FDRq \> 0.05). Tract directionality is inferred from known anatomy of the significant tracts resolved. The length threshold used to determine FDRq \< 0.05 was 30 mm.Fig. 5

### 3.2.4. Language performance within EPT group {#sec0019}

There were widespread positive correlations between subcomponents of many white matter pathways and language performance in the EPT group in the whole-brain connectometry data ([Fig. 6](#fig0006){ref-type="fig"}). Similarly, within the receptive language network, there were positive associations between performance and connectivity in most of the network, including bilateral arcuate fasciculi, white matter within the cerebellum, the corpus callosum, bilateral corticospinal pathways, bilateral corticothalamic pathways, bilateral internal and external capsules, and bilateral inferior fronto-occipital fasciculi ([Fig. 7](#fig0007){ref-type="fig"}). These results suggest that white matter connectivity positively correlates with better language performance in EPT children. When we further corrected analyses at a more conservative threshold (FDRq \< 0.001) we resolve the most robust effects related to performance in the EPT group. In this case, language performance was positively associated with local connectomes in the bilateral external capsules, left inferior fronto-occipital fasciculus, left corticothalamic pathway, left corticopontine pathway, bilateral middle cerebellar peduncles, and intrahemispheric white matter bundles within the right hemisphere of the cerebellum. A plot showing the relationship between mean SDF and performance in the EPT group can be found in Supplementary Fig. 4. To ensure that the contralateral tracts resolved in the group analysis in which EPT \> TC were the ones also related to performance, the mean SDF of the within stories network group analysis ([Fig. 4](#fig0004){ref-type="fig"}) were plotted against language performance. Results showed that there was indeed a positive correlation between performance and those tracts that were resolved by the group analysis in the stories network in which EPT \> TC (Supplementary Fig 7). Supplementary Fig. 8 has been added to show the t-score threshold distribution of the tracts that passed the initial t-score threshold \> 3.5. Additionally, we performed an analysis investigating the relationship between SDF and performance in the EPT group while controlling for sex (Supplementary Fig. 5) that shows results are similar after accounting for sex in the model.Fig. 6*Language Performance within EPT: Whole Brain.* Whole-brain connectometry analysis showing the relationship between language performance and white matter connectivity within the EPT group. Results show widespread positive associations with language performance (FDRq \< 0.05). There were no tracks with a negative correlation with language performance. Tract directionality is inferred from known anatomy of the significant tracts resolved. The length threshold used to determine FDRq \< 0.05 was 30 mm.Fig. 6Fig. 7*Language Performance within EPT: Receptive Network.* Receptive language network connectometry analysis showing the relationship between language performance and white matter connectivity within the EPT group. Results show widespread positive associations with language performance (FDRq \< 0.05). These tracks encompass most of the white matter in the receptive language network with too many pertinent tracks resolved to clearly label, so we focused on the finding most vital to our paper: the track from the right cerebellum to the left corticopontine fiber pathway. There were no connectomes with a negative correlation with language performance. Tract directionality is inferred from known anatomy of the significant tracts resolved. The length threshold used to determine FDRq \< 0.05 was 30 mm.Fig. 7

4. Discussion {#sec0020}
=============

4.1. Significance {#sec0021}
-----------------

We hypothesized the increased functional connectivity is supported by an indirect--perhaps compensatory--structural language network in EPT. Our results support our hypothesis that an indirect structural network exists, as we observed increased structural connectivity in an indirect, interhemispheric (i.e. left perisylvian, right cerebellum, and right perisylvian) pathway that may underlie this difference. Local connectomes which may be a part of this pathway include parts of major white matter tracts including the right corticospinal pathways, the middle cerebellar peduncle, white matter within the right cerebellar hemisphere, the left corticopontine pathway, and the left corticospinal pathway. These findings persisted after controlling for group differences in performance, suggesting that they exhibit a true association with prematurity and not simply a performance effect. Increased extracallosal structural connectivity may represent a biomarker for resiliency in preterm children specifically, as it is positively correlated with performance in EPT children.

Our findings--while novel--are consistent with some previous neuroimaging reports. Previous studies assessing functional connectivity of language networks have reported increased bitemporal connectivity in children born preterm versus controls ([@bib0026]; [@bib0064]; [@bib0066]; [@bib0078]), apparently contradicting structural imaging studies showing decreased interhemispheric connectivity in children born preterm, reflected by decreased FA diffusely and in the corpus callosum ([@bib0011]; [@bib0054]) and/or decreased callosal volume ([@bib0048]; [@bib0052]; [@bib0068]). The current study provides clear structural evidence addressing this discrepancy, perhaps for the first time.

Our study relies on data acquisition at a single timepoint and is therefore unable to speak to the causality behind this association. However, when taken in the context of the aforementioned literature reporting functional hyperconnectivity in EPT children, it is plausible to speculate that the extent to which a preterm child engages this interhemispheric cortico-cerebellar pathway predicts performance (greater engagement leads to better performance). This would be similar to the phenomenon in which contralateral reserves in the right hemisphere are recruited during a language task in children who suffer early neurological insult or lesions, producing atypical language representation maps that persist into adulthood instead of the typical development of left lateralization ([@bib0008]; [@bib0024]; [@bib0035], [@bib0036]; [@bib0061]; [@bib0063]; [@bib0081]). Future longitudinal studies assessing the developmental trajectory of the preterm connectome supporting language should test this hypothesis.

In addition to our novel finding of extracallosal structural hyperconnectivity relating to language performance, we did find evidence of distributed tracts showing structural hypoconnectivity in preterm children versus controls. This included significantly decreased connectivity in the corpus callosum, similar to that reported by another recent paper utilizing deterministic tractography in preterm children ([@bib0017]). Our study differs from theirs in a number of key ways. First, their sample is more heterogenous, including children with a wider range of gestational ages and children who had other neurological issues, such as cerebral palsy. Second, in order to increase their sensitivity, they assessed individual pathways in the native space for each child, and limited group-level analyses to a priori defined tracts selected based on their findings in older children and adolescents. We chose to pursue a more data-driven approach. Third, our study is not directly computing FA or other conventional tensor-based metrics--which can be inaccurate in areas of complex fiber orientation and can fail to capture subtle variations in highly complex fiber orientation such as the lateral fanning aspects of the forceps major or in highly interdigitated areas such as the corpus callosum -- so the results of our local connectometry analyses are not immediately comparable. Previous studies from our lab have shown variable developmental trajectories across the structure, so we feel to make statements about the averaged connectivity across the callosum would be to miss out on regional variation throughout this highly interdigitated structure ([@bib0080]). Thus, we feel our findings of simultaneous hyper- and hypo-connectivity in children born extremely preterm are biologically plausible.

The aim of our experiment is not to delineate the initial insults of prematurity that might necessitate the development of alternate networks in the extremely preterm brain, as risk has been a primary interest of other investigators in the realm of perinatal neurology. For excellent reviews of the neuropathology thought to underlie the so-called encephalopathy of prematurity, please see texts by Joseph Volpe in which he elucidates many mechanisms, including ischemia; lack of cerebral autoregulation; focal and diffuse necrosis; damage to premyelinating oligodendrocytes; astrogliosis and microgliosis; axonal degeneration in the corpus callosum and periventricular white matter; and volumetric loss diffusely and preferentially for the corpus callosum, parieto-occipital, temporal, and hippocampal cortices ([@bib0075]a, [@bib0076]; [@bib0074]). Of particular interest in the context of our between-groups analysis (increased connectivity in the bilateral cerebellar white matter for EPT children, [Fig. 2](#fig0002){ref-type="fig"}) is the rapid growth which occurs perinatally in the cerebellum. The cerebellum increases in neuron count, volume, and surface area dramatically in the last trimester of gestation and the first year of life. Peak growth and differentiation at a corrected gestational age of 30--40 weeks results in a 30-fold increase in cerebellar hemispheral surface area ([@bib0075]b). This period is extremely relevant for development in EPT children, as they are born before the transition between the second and third trimesters; and they experience this maturation--or dysmaturation--outside of the womb. While cerebellar injury and associated decreased size does occur in EPT infants--resulting from hemorrhage, infarction, indirect insult from remote areas of injury (cerebrocerebellar diaschisis) and dysmaturation--it is often in the context of more severe IVH or PVL ([@bib0075]b). This was intentionally excluded in our sample to try to tease out effects of prematurity from those of frank brain injury and might preclude direct comparison with other preterm neuroimaging studies conducted with a more heterogeneous sample. It should be noted that leukomalacia in the cerebellum is relatively rare, occurring in only 8% of preterm infants on autopsy ([@bib0059]).

Since the 1990s, the non-motor significance of the cerebellum has been an area of increasing interest, with domains such as social cognition, visuospatial processing, and language being very applicable to neurocognitive deficits reported in extremely preterm children ([@bib0004]; [@bib0022]; [@bib0023]). The role of the cerebellum as a mediator in the preterm language network is a particularly relevant emerging area of interest, with connectivity analyses of resting state fMRI suggesting it might be important in preterm-born adults ([@bib0012]). In term preschoolers, increased activation in the right cerebellum on fMRI was associated with greater interest in shared story reading ([@bib0030]). Additionally, a recent study looking at term born children who were diagnosed with dyslexia and their well-reading controls found that children in the dyslexia group had increased FA in cerebellocerebral pathways from the right cerebellum to the left temporoparietal region. The authors concluded that this projection from the right anterior cerebellum seemed to have a regulatory effect which could help compensate for the weak cortical reading network ([@bib0022]). We feel it is feasible that a similar mechanism is taking place in our sample of relatively healthy, well-performing extremely preterm children. Corticopontine fibers serve as a line of communication between the hemispheres of the cerebral cortex and the opposite cerebellum to allow coordination of planned motor functions ([@bib0062]). We report significant between-groups differences in the cerebellum, and the extracallosal, interhemispheric tracks we report that have a positive association with performance for the EPT group specifically involve the right cerebellum in particular. Thus, results of the current study suggest more utilization of this pathway in EPT children to compensate for dysmaturation or white matter injury associated with prematurity, which would be in accordance with similar proposed mechanisms in motor networks and with the diffuse white matter hypoconnectivity exhibited in our EPT group ([Figs. 1](#fig0001){ref-type="fig"} and [3](#fig0003){ref-type="fig"}). This is consistent with the idea that the cerebellum is heavily involved in both adaptive motor control and language and reading performance, adjusting neural pathways after perturbation ([@bib0060]). In the EPT brain, white matter injury may be continuously perturbing the process of receptive and expressive language function, necessitating increased input from the cerebellum to achieve typical functioning.

4.2. Strengths {#sec0022}
--------------

Our study is unique in its exclusion of known brain injury or neurological disorder, including language impairment. While this precludes generalizability to all EPT children, it does enable us to attribute group differences to relatively "pure" effects of prematurity. The diffusion analysis improves upon prior methods in several ways. First, the diffusion profile of each voxel is reconstructed using a modified Q-Ball imaging approach, which is sensitive to crossing fibers known to occupy the medullary center diffusely ([@bib0033]; [@bib0087]). Second, connectometry uses the "local connectome" for statistical comparisons which does not rely on whole track averages used in some forms of conventional analysis. This increases sensitivity to local changes that are lost in whole brain analysis ([@bib0083]). Third, we employ an a-theoretical approach that does not constrain analyses to classical regions and pathways associated with language in typically developing full-term adolescents and adults.

4.3. Limitations {#sec0023}
----------------

Weaknesses of our study include the small number of participants, the use of receptive and expressive language tasks that are highly dependent on vocabulary and semantic knowledge as a gross assay of language abilities, and the low b-value, single shell diffusion acquisition. Future studies will certainly benefit from accelerated multishell diffusion acquisitions currently available on most MR platforms. Furthermore, as these children continue to grow and are studied at more advanced ages, more complex and comprehensive measures of language--including sentence production, syntax, prosody, morphology, comprehension, and semantics--will become more feasible, enabling us to fully parse expressive and receptive language abilities. Additionally, because the groups differed in WNV scores--which can be used as an estimate of nonverbal intelligence--it must be considered that the observed differences could be due to IQ differences. Although there were significant differences between groups on the WNV assessment of nonverbal abilities, when we tested this hypothesis, there were no statistically significant correlations between these scores and our connectometry analysis between or within groups. We utilize a novel analysis pathway, including connectometry. One limitation of connectometry is its reliance on registration and sampling in a template space to obtain results. Misalignment may lead to errors in directional sampling that could influence results. To minimize this limitation, we used a study-specific template and ensured adequate alignment of each subject to this template, hopefully mitigating any erroneous results. Another possible limitation is the necessity of continuity of tracks to pass the minimum length threshold. If there is a track that has a nearly significant middle portion and has significant ends, it would be broken up into smaller, insignificant tracks that would be eliminated by the threshold. While this may lead to false negatives, we feel the conservativeness of this approach leads to results that are highly confirmative. Because connectometry does not take into account the width of the tract or effect size, long tracts (represented by long tracks) are more likely to be significant. This limitation might be the reason that inter-hemispheric tracks are more likely to survive strict corrections for multiple comparisons (as they are usually longer than intra-hemispheric tracks). In that sense, our findings might have been biased by our analysis technique. We acknowledge that the t-score threshold used to inform fiber tracking--while selected to provide a good balance between specificity and sensitivity--is a subjective threshold and is a limitation to this method. Automated selection techniques will be explored in future studies.

Despite these limitations, we feel our results are clinically and scientifically significant. The structural connectometry methods chosen are amenable to smaller sample sizes and are appropriately conservative. The results we report are likely the most robust effects between EPT and TC children in our sample. Future studies with larger samples and relatively rich diffusion acquisitions will enable better characterization of subtle changes, providing a more comprehensive understanding of biomarkers for risk and resiliency. Finally, it should be noted that -- while our data may support our hypothesis that the increased connectivity in the EPT group represents an extracallosal pathway supporting language performance -- we cannot prove this with the existing data. It is also possible that observable behavior is correlated with these different tracks included in our connectometry results, but that these tracks do not form a continuous pathway.

5. Conclusion {#sec0024}
=============

The reported experiments confirmed our initial hypothesis that EPT children who are functioning within normal limits have alternate extracallosal networks positively associated with language performance. Children who are born EPT are at risk for neurocognitive deficits and language impairment. Despite this risk, some children overcome the neurological insults of prematurity and function normally. The current report suggests that some of this resiliency resides in white matter plasticity (both cerebral and cerebellar) that allows for functional and effective hyperconnectivity between canonical language areas bilaterally. Research into the causality and developmental trajectory of this hypothesized relationship between brain structure and observable function specifically--and into factors that confer resiliency generally--should be prioritized alongside research examining those conferring risk. This will allow providers and caregivers to target interventions and counseling in the perinatal period and beyond.
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